Introduction
Sphere drag measurements are very popular in aerodynamic test with wind tunnels. Sphere drag coefficients decrease rapidly around a Reynolds number of 0.3 million. This is due to the fact that the boundary layer separation point moves rapidly downstream on a sphere around this Reynolds number because of the transition from a laminar boundary layer to a turbulent one. The Reynolds number where the drag coefficient decreases rapidly depends on the turbulence in the flow. Naturally, measured drag coefficients show different values depending on wind tunnel tests. Figure 1 shows some reported relations between measured drag coefficients and Reynolds numbers, quoted from Ref. 1. The Reynolds number at which the drag coefficient becomes 0.3 is commonly called the "critical Reynolds number."
In these tests, a sphere is supported with wires or a sting. Either support affects the surface flow around model or in its wake. This effect on the flow from the support system is called "support interference." The interference must be quite large around the critical Reynolds number because the flow around the sphere changes drastically and rapidly as the Reynolds number increases. However this effect has not been adequately studied. A 'magnetic suspension and balance system' (MSBS) is a means of magnetically supporting a model in the flow and measuring the force on the model. MSBS is free of support interference, and is suitable for measuring sphere drag around the critical Reynolds number, where the wake of the sphere changes drastically. The NAL 60 cm MSBS is referred from Ref. 2.
Drag measurement Model and flow quality
The 150 mm diameter sphere encloses a cylindrical Nd-Fe-B magnet that is 100 mm in diameter and 100 mm high. The total mass is approximately 7.0 kg.
The sphere was magnetically supported in the center of the test section and was placed parallel to the test section centerline (x axis) as shown in Figure 2 .
The turbulence intensity in the uniform flow in the test section is important information when we examine sphere drag around the critical Reynolds number as accurately as possible. The intensity was evaluated with a hot wire anemometer at several speeds ranging from 10 m/s to 25 m/s. Obtained results suggest that the intensity remains below 0.1 % at all speeds used in the drag measurement tests.
Drag coefficients
Drag was evaluated from the average measured drag coil current obtained with the drag calibration line over 8 seconds. Figure 3 The Reynolds number at which the drag coefficient starts to decrease is largest in the tests quoted in Figure 1 . This may be due to support interference, because the NAL test results are support interference free.
Vortex shedding Strouhal number
Vortex shedding Strouhal number must be strongly affected by a sting supporting the sphere. Many published studies address the wake of a sphere, but very few report the measured Strouhal number near the critical Reynolds numbers. We measured not only the drag coefficient, but also the Strouhal number was measured with a hot-wire anemometer one diameter downstream from the end of the sphere and 75 mm off its centerline. The values are plotted in Figure 4 together with the data set of Ref. 4 , which is quoted from Figure 3 of the reference. The values show the same tendency as those in the reference but are a bit lower.
Conclusions and Remarks
Aerodynamic forces acting on sphere were measured with the NAL 60cm MSBS. The MSBS is a useful tool for measuring sphere drag because it provides us with data that are free of support interference. We observed the following: * The results we obtained with the new supportinterference-free 60 cm MSBS up to the maximum Reynolds number of 0.35 million support other interference free data sets, which were obtained at higher Reynolds numbers. * The drag coefficients we observed are nearly the same as those in other source data sets using an MSBS. * Strouhal numbers were measured at three Reynolds numbers up to 0.28 million and they show good agreement with those in Ref. 4 . Fig.3 Relation between sphere drag coefficient and Reynolds number Fig. 4 Relation between Strouhal number and Reynolds number for spheres
